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FOUR SPOT LASER ANEMOMETER AND OPTICAL ACCESS TECHNIQUES FOR TURBINE APPLICATIONS 
Mark P. Wernet 
Na t iona l  Aeronautics and Space A d m i n i s t r a t i o n  
Lewis Research Center 
Cleveland, Ohio 44135 
Abs t rac t  
A new t i m e - o f - f l i g h t  anemometer (TOFA) 
system, u t i l i z i n g  a s p a t i a l  lead-lag f i l t e r  
f o r  b i p o l a r  p u l s e  generat ion has been con- 
s t r u c t e d  and tested.  T h i s  system, c a l l e d  a 
Four Spot Laser  Anemometer, was s p e c i f i c a l l y  
designed f o r  use i n  h i g h  speed, t u r b u l e n t  
f l ows  i n  t h e  presence o f  w a l l s  o r  surfaces. 
The new TOFA system uses e l l i p t i c a l  spots t o  
increase t h e  f l o w  acceptance angle t o  be com- 
parable w i t h  t h a t  o f  a f r i n g e  t y p e  anemom- 
0 e te r .  The t i g h t l y  focused spots used i n  the  
Four Spot y i e l d  e x c e l l e n t  f l a r e  l i g h t  re jec -  
obta ined t o  75 pm normal t o  a surface, wi th an 
f / 2 . 5  c o l l e c t i n g  lens. T h i s  system i s  being 
evaluated f o r  use i n  a warm t u r b i n e  f a c i l i t y .  
Resul ts  f rom b o t h  a p a r t i c l e  l a g  v e l o c i t y  
experiment and boundary l a y e r  p r o f i l e s  w i l l  be 
discussed. I n  add i t i on ,  an ana lys i s  o f  t h e  use 
of curved windows i n  a t u r b i n e  cas ing  w i l l  be 
presented. Curved windows, matching the  i nne r  
I G ~ I J S  3 f  t h e  t u r b i n e  c a s i r y ,  preserve t h e  f l o w  
condi t ions,  b u t  i n t roduce  as t i gmat i c  aberra- 
t i o n s .  A c o r r e c t i o n  o p t i c  has been designed 
t h a t  v i r t u a l l y  e l im ina tes  these as t i gmat i c  
abe r ra t i ons  throughout t h e  i n t r a b l a d e  survey 
reg ion  f o r  normal incidence. 
U 
U 
(? 
w 
I t i o n  c a p a b i l i t i e s .  Good r e s u l t s  have been 
---I: 
I n t r o d u c t i o n  
A l a s e r  anemometer o f f e r s  a non in t rus i ve  
method f o r  o b t a i n i n g  f l o w  f i e l d  information.) Par- 
t i c l e s  en t ra ined  i n  t h e  f l o w  p rov ide  s c a t t e r i n g  
cen te rs  f o r  t h e  i n c i d e n t  l i g h t .  
common techniques f o r  o p t i c a l l y  coding t h e  measure- 
ment reg ion.  The Laser F r inge  Anemometer (LFA) 
employs a s i n u s o i d a l l y  va ry ing  f r i n g e  pa t te rn .  
Knowledge o f  t h e  f r i n g e  spacing and the  detected 
s igna l  frequency o f  p a r t i c l e s  t r a v e r s i n g  the  meas- 
urement r e g i o n  pe rm i t s  t h e  determinat ion of t h e  
v e l o c i t y  component normal t o  t h e  f r i nges .  Another 
technique f o r  encoding t h e  measurement r e g i o n  
(Time-Of-Flight Anemometer, TOFA) uses two c l o s e l y  
spaced spots, where t h e  f low v e l o c i t y  component 
p a r a l l e l  t o  t h e  a x i s  o f  t h e  spots i s  obta ined f rom 
t h e  t i m e - o f - f l i g h t  of  p a r t i c l e s  t r a v e r s i n g  t h e  two 
spots. 
There a r e  two 
The m o t i v a t i o n  f o r  t h i s  work was t h e  d e s i r e  
f o r  an anemometer capable o f  measurements near  
w a l l s  i n  t u r b u l e n t  f lows.  T h i s  requ i res  a l a s e r  
anemometer wi th s p e c i a l  q u a l i t i e s .  
anemometer would have a wide acceptance angle t o  
enable measurements o f  wide f l o w  angle v a r i a t i o n s ,  
and a l s o  have a h i g h  on-axis s p a t i a l  s e l e c t i v i t y ,  
t o  l i m i t  unwanted f l a r e  l i g h t  sca t te red  from 
sur faces f rom reaching t h e  de tec to r .  The LFA t y p i -  
c a l l y  has a wider  acceptance angle than  a conven- 
t i o n a l  TOFA system. T h i s  reduces t h e  u t i l i t y  of 
TOFA systems i n  t u r b u l e n t  f lows. However, t h e  
TOFA r e c e i v e r  can have much b e t t e r  on-axis s p a t i a l  
r e s o l u t i o n  than  t h e  LFA f o r  t h e  same f lnumber 
system. 
mod i f i ed  TOFA system t h a t  has been cons t ruc ted  and 
t e s t e d  f o r  t u r b u l e n t  f l o w  measurements i n  t h e  pres- 
ence o f  wal ls .  
c a l  spots  t o  increase t h e  f l o w  acceptance anqle t o  
be comparable t o  t h a t  o f  an LFA. Also, t h e  new 
TOFA uses an o p t i c a l  code t h a t  v a s t l y  s i m p l i f i e s  
t h e  pulse d e t e c t i o n  processor. A simple e lec-  
t r o n i c  pu l se  pos i i - i on  iechniq i ie  W ~ S  used i nc tead  
cf the mere rnmplex r o r r e l a t i o n  technique;,f-3 
Resul ts  f rom bo th  a p a r t i c l e  l a g  v e l o c i t y  exper i -  
ment and boundary l a y e r  p r o f i l e s  taken us ing  t h e  
Four Spot TOFA w i l l  be discussed. 
I n  a d d i t i o n  t o  t h e  l a s e r  anemometer da ta  t o  
be discussed, an ana lys i s  o f  t h e  use o f  curved 
windows i n  a t u r b i n e  cas ing  w i l l  be presented. 
Curved windows, matching t h e  i n n e r  r a d i u s  of t h e  
t u r b i n e  casing, preserve t h e  f l o w  cond i t i ons ,  b u t  
i n t roduce  as t i gmat i c  aberrat ions.  A zoom correc-  
t i o n  o p t i c  has been designed t h a t  v i r t u a l l y  e l i m -  
i n a t e s  these as t i gmat i c  abe r ra t i ons  throughout t h e  
i n t r a b l a d e  survey r e g i o n  f o r  normal incidence. 
The optimum 
I n  t h i s  work we desc r ibe  t e s t i n g  o f  a new, 
The new TOFA system uses e l l i p t i -  
Four Spot Laser Anemometer 
The e l e c t r o n i c  s i g n a l  obta ined f rom a normal 
two-spot TOFA system c o n s i s t s  o f  two no isy  qauss- 
i a n  shaped pulses separated by t h e  t r a n s i t  t i m e  of 
a p a r t i c l e  t r a v e r s i n g  t h e  two l i g h t  spots i n  t h e  
measurement reg ion.  
peak t ime  o f  f l i g h t  and knowledqe o f  t h e  spot spa- 
c i n g  then y i e l d s  the  p a r t i c l e  v e l o c i t y  comoonent 
along t h e  a x i s  of t h e  two spots. 
An es t ima te  o f  t h e  peak t o  
The inhe ren t  
1 
no ise  on any t ype  o f  photon d e t e c t i o n  system 
decreases t h e  a b i l i t v  o f  t h e  s igna l  processor t o  
determine t h e  exact t ime-of-occurrence of a 
pulse. The p a r t i c l e ' s  t ime-o f - f l i gh t  can be 
obta ined more accu ra te l y  by t ransforming t h e  un i -  
p o l a r  pu lse i n t o  a b i p o l a r  pulse. 
i ngs  o f  t h e  b i p o l a r  pulses y i e l d  the  est imated 
t i m e - o f - f l i g h t .  
p o l a r  t o  a b i p o l a r  pu lse should n o t  i n t roduce  addi- 
t i o n a l  no i se  t o  t h e  signal. 
t h e  performance o f  f o u r  methods f o r  generat ing 
b i p o l a r  pulses: t he  d e r i v a t i v e  operator, H i l b e r t  
transforms, and bo th  the s p a t i a l  and temporal lead- 
l a g  f i l t e r .  
t h a t  an advantage cou ld  be obtained by implement- 
i n g  t h e  lead- lag f i l t e r  s p a t i a l l y ,  be fo re  photon 
de tec t i on .  The advantage o f  t h e  s p a t i a l  lead- lag 
f i l t e r  i s  t h a t  t he  dimensions a re  f i x e d  i n  space, 
b u t  t h e  temporal sca le  o f  t h e  s igna l  depends on 
t h e  v e l o c i t y .  Thus, a s p a t i a l  implementation w i l l  
behave as an adapt ive temporal lead-lag operator. 
The t rans fo rma t ion  t o  a b i p o l a r  pu l se  i s  thus made 
w i thou t  adding noise t o  the  s igna l  and i n  a robus t  
manner t h a t  does n o t  depend on e l e c t r o n i c  delays. 
The Four Spot Anemometer system described h e r e i n  
has a s p a t i a l  lead-lag f i l t e r . 5  
The zero cross- 
The t ransformat ion f rom a uni -  
Lading4 analyzed 
The r e s u l t s  o f  h i s  ana lys i s  showed 
I mp 1 erne n t a t i on 
The Four Spot TOFA system uses two p a i r s  of 
p a r t i a l l y  over lapping spots i n  the  measurement 
region. These two p a i r s  o f  spots, l abe led  A t o  D, 
are separated by a distance Xo, or thogona l l y  
po lar ized,  and p a r t i a l l y  over lapping (F ig .  1 ) .  
The amount o f  ove r lap  i s ,  2c1, where 0 i s  t he  
standard d e v i a t i o n  o f  t h e  e-2 gaussian spo t  
width. The use o f  e l l i p t i c a l  spots increases t h e  
acceptance angle o f  the measurement reg ion-  
comparable t o  t h a t  of a l a s e r  f r i n g e  anemometer. 
The t r a n s m i t t i n g  sect ion o f  t he  system con- 
t a i n s  two quarter-wave p la te /Wo l las ton  p r i sm p a i r s  
(F ig .  2 ) .  
A c y l i n d r i c a l  l ens  L1 t ransforms t h e  c i r c u l a r  
i n p u t  beam i n t o  an e l l i p t i c a l  beam. The f i r s t  
quarter-wave p la te/Wol laston pr ism p a i r  Q l l W l .  
Generates two angu la r l y  d iverg ing,  o r t h o g o n a l l y  
p o l a r i z e d  beams. 
imaged by  L and L3 onto t h e  second p a i r  
Q2lW2. The f i r s t  p a i r  Q l / W l  must be a t  t h e  back 
foca l  p lane  o f  L p ,  and Q2/W2 must be a t  t h e  
f r o n t  f o c a l  p lane o f  L3  t o  ma in ta in  t h e  sharp- 
ness of t h e  imaged spots. Emerging f rom t h e  Q2/W2 
p a i r  are f o u r  consecutively, o r thogona l l y  po la r -  
i zed  beams. The angular divergence o f  these beams 
i s  transformed i n t o  a s p a t i a l  separat ion by t h e  
lens L4. The angular divergence imparted by t h e  
QllWl p a i r  c rea tes  the s p a t i a l  separat ion Xg. 
The angular divergence imparted by Q2/W2 creates 
t h e  p a r t i a l l y  overlapping spots i n  t h e  measurement 
reg i on. 
The i n p u t  l i g h t  i s  l i n e a r l y  po la r i zed .  
These p lane p o l a r i z e d  beams are 
The measurement reg ion qeometry i s  c o n t r o l -  
l e d  by t h e  i n p u t  beam diametcr, t he  angular d i ve r -  
gences of W1 and W2, and by the f o c a l  l enq th  
o f  L4. The quarter-wave p l a t e s  a l l o w  t h e  equal- 
i z a t i o n  o f  t h e  i n t e n s i t i e s  of t he  f o u r  spots. 
The backscat ter  system c o n f i g u r a t i o n  c o l l e c t s  
t h e  sca t te red  l i g h t  f rom t h e  measurement r e g i o n  
back along t h e  a x i s  of t h e  t r a n s m i t t e d  beam. The 
use o f  two e l e v a t i o n  m i r r o r s  M i  and M 2  a l l ows  
t h i s  coax ia l  con f i gu ra t i on .  The rece ived  imaqe i s  
magni f ied by t h e  image p a i r  L4 and L7. The 
rec tangu la r  m i r r o r  M 2  ac ts  as a v e r t i c a l  s p a t i a l  
f i l t e r  mask i n  t h e  rece ive r .  The rece ived  l i g h t  i s  
recombined i n t o  two Da i r s  of t o t a l l y  ove r lapp inq  
spots  by a t h i r d  Wollaston prism, W3, which has t h e  
same angular s p l i t  as W2: These two spots a re  
then  imaged onto t h e  r e c e i v e r  mask c o n s i s t i n g  o f  
two p r e c i s i o n  a i r  s l i t s .  
p i n q  p a i r s  o f  spots a re  separated by a p o l a r i z a -  
t i o n  s e l e c t i v e  beam-spl i t t inq cube. Two r i g h t  
angle m i r ro red  prisms a re  used t o  separate t h e  
spot  p a i r s  i n t o  f o u r  i n d i v i d u a l  s ignals .  
separated s i q n a l s  are detected by fou r  RCA 8645 
p h o t o m u l t i p l i e r  tubes. 
o p t i c a l  e r e c t o r  components (F iq .  3 ) .  
m i r ro r - t ype  image r o t a t o r  has been inco rpo ra ted  
i n t o  t h e  Four Spot TOFA. 
comnon t o  bo th  t h e  t r a n s m i t t e r  and rece ive r ,  and 
pe rm i t s  two-dimensional v e l o c i t y  scans by t a k i n g  
measurements a t  severa l  angular o r i e n t a t i o n s  of 
t h e  measurement volume. The Four Spot TOFA uses 
an Argon i o n  l a s e r  ope ra t i ng  a t  514.5 nm. 
TOFA are: 
E l l i p t i c a l  spot width, urn . . . . . . . . . . . 10 
E l l i p t i c a l  spot he ight ,  urn . . . . . . . . . . . 97 
Spot overlap, urn . . . . , . . . . . . . . . . . 5 
Spot p a i r  spacinq, um . . . . . . . . . . . . lo! 
Acceptance angle, . . . . . . . . . . . . . . - +43 
The probe volume dimensions were measured 
us ing  a p i n h o l e l p h o t o m u l t i p l i e r  tube assembly. 
The TOFA probe volume was scanned over t h e  Dinhole 
and t h e  recorded p h o t o m u l t i p l i e r  tube dc c u r r e n t  
as a f u n c t i o n  o f  p o s i t i o n  was f i t  t o  a qaussian 
us ing  the  technique o f  non l i nea r  l e a s t  squares. 
The e-2 widths and he igh ts  of t h e  f i t t e d  qauss- 
i ans  were taken as t h e  probe volume dimensions. 
The spot p a i r  separat ion was determined f rom t h e  
d i f f e r e n c e  i n  t h e  peak l o c a t i o n s  o f  t h e  measured 
spots. 
The two t o t a l l y  over lap-  
The 
The Four Spot TOFA has been const ructed us ing  
A 
The image r o t a t o r  i s  
The probe volume dimensions o f  t h e  Four Spot 
Operation 
The temporal separat ion o f  t h e  b i p o l a r  pu lses 
i s  determined by a h igh  speed Emi t te r -  
Coupled Logic  (ECL) zero c ross ing  d e t e c t i o n  c i r -  
c u i t .  
e l e c t r o n i c s .  There a r e  s i x  i n p u t  s i q n a l s  t o  t h e  
pu lse  d e t e c t i o n  c i r c u i t :  t h e  A, D, A + 5, A - 6, 
C + D, and C - D s igna ls .  The c i r c u i t  uses t h e  
A and D s i q n a l s  t o  determine t h e  d i r e c t i o n  of t h e  
detected p a r t i c l e .  The A + B and C + 0 s i q n a l s  
are used t o  enable comparators t o  search f o r  t h e  
zero cross inqs o f  t h e  A - R and C - D s iqna ls ,  
r e s p e c t i v e l y .  
A + B o r  t h e  I: + D s iqna l  enables t h e  comparator 
i s  t h e  th resho ld  l e v e l .  
F igu re  4 shows t h e  s i g n a l  processing 
The ampli tude where e i t h e r  t h e  
A p a r t i c l e  t r a v e r s i n q  
2 
f rom t h e  l e f t ,  through t h e  AB and then  CD spot 
p a i r s  y i e l d s  an A + B s ignal ,  which enables t h e  
A + B comparator. The c i r c u i t  f i n d s  t h e  A - B 
zero c ross ing  and then  d i sab les  t h e  A + B compara- 
t o r  u n t i l  e i t h e r  t h e  p a r t i c l e  i s  detected a t  C + D 
o r  t h e  t ime  window expi res.  The t ime  window i s  
s e t  as t h e  maximum t ime  t h e  processor w i l l  w a i t  
f o r  an event  a t  t h e  CD spot  p a i r ,  t h a t  i s ,  t h e  
slowest expected v e l o c i t y ,  be fo re  r e s e t t i n g  t h e  
c i r c u i t .  The analogous process occurs f o r  a par- 
t i c l e  t r a v e r s i n g  f rom t h e  opposi te  d i r e c t i o n ,  f i r s t  
enab l i ng  C + D. The c i r c u i t  now searches f o r  the 
C - D zero c ross ing  and then d i sab les  t h e  C + D 
comparator u n t i l  e i t h e r  a p a r t i c l e  i s  detected a t  
A + B or, again, u n t i l  t h e  t ime  window expi res.  
Th is  technique y i e l d s  t h e  f l o w  d i r e c t i o n  and mini- 
mizes t h e  number o f  f a l s e  counts due t o  simultane- 
ous p a r t i c l e s  i n  t h e  measurement r e g i o n  and/or  
p a r t i c l e s  t r a v e r s i n g  o n l y  one o f  t h e  spot  p a i r s .  
The ECL processor ou tpu ts  s t a r t  and s top 
pu lses  which a re  f e d  i n t o  a t i m e  analyzer. The 
s t a r t  and s top  pulses correspond t o  a p a r t i c l e  
t r a v e r s i n g  t h e  two p a i r s  o f  sp0i.s i n  t h e  measure- 
ment reg ion,  t h a t  i s ,  t h e  t ime-or’-f l ight. The 
t i m e  analyzer  generates a vo l tage  pulse (0  t o  
10 V )  t h a t  i s  p r o p o r t i o n a l  i n  ampli tude t o  t h e  
t i m e  d i f f e r e n c e  between t h e  s ta r t - s top  pulses. 
These vo l tage  pulses a re  then sent t o  an analog t o  
d i g i t a l  conve r te r  (ADC). The d i g i t a l  words f rom 
t h e  ADC a r e  f e d  i n t o  t h e  back p lane  o f  a TSI model 
1998 master i n t e r f a c e .  The TSI module generates a 
time-between-data (TBD) word f rom t h e  Four Spot 
data. Both t h e  measured v e l c c i t y  and TBD a re  sent 
v i a  a D i r e c t  Memory Access (OMA) i n t e r f a c e  t o  a 
PDP 11/44 computer f o r  analys is .  A t  each measure- 
ment p o s i t i o n ,  1000 v e l o c i t y  events and 1000 TBDs 
are recorded. 
The Four Spot Laser Anemometer sample volume 
con ta ins  approx imate ly  h a l f  t h e  i l l u m i n a t e d  area 
of a t y p i c a l  f r i n g e  t ype  anemometer. The h igher  
l i g h t  f l u x  i n  t h e  probe volume enables t h e  Four 
Spot t o  measure sma l le r  p a r t i c l e s  than an LFA. 
De tec t i on  o f  sma l le r  p a r t i c l e s  i s  des i rab le,  since 
they f o l l o w  t h e  f l o w  more accurate ly .  A p a r t i c l e  
v e l o c i t y  l a g  experiment was conducted t o  determine 
the  range o f  p a r t i c l e  diameters de tec tab le  b y  the 
Four Spot system. 
I n  t h e  p a r t i c l e  v e l o c i t y  l a g  experiment, the 
v e l o c i t y  o f  p a r t i c l e s  en t ra ined  i n  the  f l o w  are 
measured downstream o f  a sonic  nozzle. The gas 
acce le ra tes  through t h e  nozzle, reaching Mach 1 a t  
t h e  e x i t .  P a r t i c l e s  g rea te r  i n  diameter than  
approx imate ly  0.3 um w i  1 l a g  behind t h e  qas veloc- 
i t y  a t  t h e  nozz le  ex i t . 2  The amount of v e l o c i t y  
l a g  i s  p r o p o r t i o n a l  t o  t h e  p a r t i c l e  diameter. 
gas v e l o c i t y  can be c a l c u l a t c d  f rom t h e  plenum 
temperature and t h e  pressure drop across the  noz- 
z l e .  S ince t h e  l a s e r  avemcwter cdn o n l y  measure 
t h e  v e l o c i t y  o f  t h e  p a r t i c l e s  ent ra ined i n  t h e  
flow, t h e  p a r t i c l r  l a g  ve !?c i t y  i s  d i r e c t l y  
obtained. 
grams a re  conver ted t o  p a r t i c l e  diameter h i s t o -  
grams. 
The 
The measured p a r t i c l e  v e l o c i t y  h i s t o -  
The mean diameter and standard dev ia t i on  
o f  t h e  sampled p a r t i c l e s  a re  then  determined f rom 
t h e  p a r t i c l e  diameter histograms. 
The seed p a r t i c l e s  used i n  t h i s  experiment 
were d iagnos t i c  l a t e x  spheres o f  0.5 and 0.8 urn 
mean diameter, w i th  r e l a t i v e  standard d e v i a t i o n s  
o f  l e s s  than 1 percent. The s p e c i f i c  q r a v i t y  of 
t h e  d iagnos t i c  spheres was 1.05. The d iagnos t i c  
spheres were suspended i n  methanol. A comnercial 
atomizer svpp l i ed  t h e  seed p a r t i c l e s  t o  t h e  
upstream plenum s e c t i o n  o f  t h e  nozzle. I n  o r d e r  
t o  v e r i f y  t h e  complete evaporat ion of t h e  methanol 
a t  t h e  riieasurement plane, pure methanol, w i t h  no 
seed added, was r u n  through t h e  atomizer. No v e l -  
o c i t y  events were recorded, v e r i f y i n g  t h e  so l ven t  
evaporation. The r e s u l t s  o f  t h e  p a r t i c l e  l a q  
experiment a re  shown i n  Table I and t h e  correspond- 
i n g  v e l o c i t y  histograms a re  shown i n  F igs.  5 and 6. 
The spread i n  t h e  histograms i s  caused by 
b o t h  e r r o r  i n  t h e  measurement and agglomeration o f  
t h e  seed p a r t i c l e s .  The est imates o f  t h e  mean 
p a r t i c l e  diameter are biased t o  h ighe r  values t h a n  
t h e  t r u e  n a r t i c l e  diameters because o f  these 
e f f e c t s .  
t h e  Four Spot can de tec t  p a r t i c l e s  down t o  a t  
l e a s t  0.5 urn i n  diameter us ing  e l l i p t i c a l  spots. 
The r e s u l t s  f rom t h e  ana lys i s  show t h a t  
Boundary Layer P r o f i l e s  
D i s c r i m i n a t i o n  against  l i q h t  n o t  o r i g i n a t i n g  
a t  t h e  f o c i i  o f  t h e  TOFA beams i s  a v e r y  impor tant  
c h a r a c t e r i s t i c  o f  a p r a c t i c a l  anemometer. L i g h t  
f rom p a r t i c l e s  n o t  a t  t h e  f o c a l  p lane  may have a 
d i f f e r e n t  v e l o c i t y  f rom those a t  t h e  f o c a l  plane, 
i.e., a g rad ien t  may be present, and thus a spread 
o f  v e l o c i t i e s  w i l l  be measured. One wishes t o  
minimize t h i s  spread. Shot no ise from l i g h t  sca t -  
tered from y a ! ! s  i s  t h e  l j m i t i f i ~  f z r t n r  j n  how 
c l o s e  t o  a w a i l  one can y e t  aiid u b t a i i i  a iiiedsiire- 
ment o f  t h e  f l o w  v e l o c i t y .  
A p r a c t i c a l  t e s t  of an anemometer’s s p a t i a l  
s e l e c t i v i t y  i s  obta ined by opera t i ng  t h e  system i n  
a f l o w  near a surface. A laminar  boundary l a y e r  
f l o w  f i e l d  would supply t h e  necessary measurement 
environment. The boundary l a y e r  th i ckness  a ( x )  
was de f i ned  as t h e  d i s tance  f rom t h e  su r face  where 
t h e  v e l o c i t y  reached 99 percent  of t h e  f reest ream 
v e l o c i t y .  Two experimental setups were used. A 
rec tangu la r  nozzle, 6 by 12 mm, w i t h  an access 
window, prov ided an environment s i m i l a r  t o  t h a t  
encountered i n  a windowed engine casing. 
ments were made i n  t h e  boundary l a y e r  forming o f f  
t h e  back w a l l  o f  t h e  nozzle. The back w a l l  was 
pa in ted  b lack t o  reduce t h e  amount o f  f l a r e  l i g h t .  
The second setup consis ted of a low v e l o c i t y  c i r -  
c u l a r  nozzle. A f l a t  p l a t e  was p laced p a r a l l e l  t o  
t h e  f l o w  a t  t h e  nozz le e x i t ,  perpendicu lar  t o  t h e  
i n c i d e n t  l i g h t .  The f l a t  p l a t e  had a smooth p o l -  
ished surface. These two setups y i e l d e d  a measure 
o f  how c ln5p t c  a w a l l  measurements can be 
obta ined I 
Measure- 
The t r a n s i t  t i n e  p r o b a b i l i t y  d i s t r i b u t i o n s  
were converted t o  v e l o c i t y  p r o b a b i l i t y  d i s t r i b u -  
t i o n s ,  VPDS, us ing t h e  known spot spacing. The 
v e l o c i t y  d i s t r i b u t i o n s  were measured a t  sequen t ia l  
3 
s t a t i o n s  along a l i n e  perpendicular t o  t h e  p lane 
o f  t h e  surface. 
t h e  VPDs measured i n s i d e  t h e  boundary l a y e r  above 
t h e  f reest ream VPD variance, g i ves  an es t ima te  o f  
t h e  range of v e l o c i t i e s  present across t h e  l e n g t h  
o f  t h e  sample volume. 
measurement p o s i t i o n  were f i t  t o  a cub ic  polyno- 
m i a l  desc r ib ing  t h e  boundary l a y e r  v e l o c i t y  pro- 
f i l e .  The var iances o f  the VPDs were p l o t t e d  
versus d i s tance  from t h e  surface. 
a r e  shown i n  F igs.  7 t o  10. 
mean v e l o c i t y  versus d is tance f rom t h e  sur face f o r  
t h e  windowed nozz le  flow. Measurements were 
ob ta ined  t o  100 vm f rom the sur face f o r  t h i s  setup. 
F i g u r e  8 shows t h e  v e l o c i t y  var iance versus pos i -  
t i o n  f o r  t h e  p r o f i l e  i n  Fig. 7. The th resho ld  
l e v e l  i n  t h e  s i g n a l  processor was adjusted a t  each 
measurement p o s i t i o n  t o  minimize t h e  background 
noise. T h i s  accounts f o r  t h e  v a r i a t i o n  i n  t h e  
measured v e l o c i t y  variances i n  t h i s  f i g u r e .  
F igures 9 and 10 show t h e  mean v e l o c i t y  and 
v e l o c i t y  var iance versus p o s i t i o n  f o r  t h e  f l a t  
p l a t e  c o n f i g u r a t i o n  respect ive ly .  The p r o f i l e  was 
made a t  1 cm f rom t h e  leadinq edge o f  t h e  p l a t e .  
Measurements were obtained t o  75 urn f rom t h e  sur- 
f a c e  o f  t h e  p l a t e .  The th resho ld  l e v e l  was h e l d  
constant  f o r  t h e  e n t i r e  p r o f i l e .  F igu re  10 shows 
t h e  expected behavior o f  i nc reas ing  v e l o c i t y  v a r i -  
ance i n s i d e  t h e  boundary l a y e r  as t h e  magnitude o f  
t h e  v e l o c i t y  g rad ien t  increases. 
l ow  t o  p r o v i d e  s u f f i c i e n t l y  t h i c k  laminar  boundary 
layers.  
t h e  f l o w  f i e l d s  were dr iven by t h e  b u i l d i n g  ser- 
v i c e  a i r .  
pressure drop across the nozz le t o  approximately 
0.1 ps ia.  
p e r t u r b a t i o n s  i n  t h e  f l o w  f i e l d .  Some o f  t h e  
s t r u c t u r e s  observed i n  these boundary l a y e r  pro- 
f i l e s  may be a r t i f a c t s  o f  t h e  se rv i ce  a i r  
f l u c t u a t i o n s .  
Four Spot TOFA i n  
h o t  f l o w s  have been conducted.g The new system 
was compared t o  an LFA and a low acceptance angle 
TOFA system. These comparison measurements were 
made i n  a burner  r i g .  The temperature, v e l o c i t y  
and tu rbu lence  i n t e n s i t y  i n  t h e  burner r i g  were: 
700 OC, 350 mlsec, and 8 percent  respec t i ve l y .  
A core t u r b i n e  b lade  was mounted i n  t h e  h o t  cross 
f l o w  t o  p r o v i d e  a’ surface f o r  sur face p r o x i m i t y  
measurements, and t o  compare each system’s f l o w  
angle r e s o l v i n g  c a p a b i l i t i e s  i n  h i g h  turbulence 
f l ows .  
A,n increase i n  t h e  var iance o f  
The mean v e l o c i t i e s  a t  each 
The r e s u l t s  o f  these boundary l a y e r  p r o f i l e s  
F i g u r e  7 shows t h e  
The f r e e  stream v e l o c i t y  was kep t  r e l a t i v e l y  
The c o n t r a c t i o n  nozzles used t o  supply 
The low v e l o c i t y  l i m i t  r e s t r i c t s  t h e  
F l u c t u a t i o n s  i n  t h e  s e r v i c e  a i r  caused 
A d d i t i o n a l  t e s t s  using t h  
O p t i c a l  Compensation f o r  Curved Turb ine Windows 
I n  t h e  a p p l i c a t i o n  o f  l a s e r  anemometer sys- 
tems, t h e  f l ow  f i e l d s  under study are t y p i c a l l y  
i n s i d e  a con ta ine r  o r  w i t h i n  some bounding sur- 
faces. Laser anemometer systems r e q u i r e  l i n e - o f -  
s i g h t  o p t i c a l  access t o  the measurement reg ion.  
I n  o rde r  t o  o b t a i n  o p t i c a l  access t o  t h e  f low,  
these surfaces o r  boundaries must be e i t h e r  
removed o r  rep laced w i t h  windows. The th ickness 
o f  t h e  windows i s  s e t  by  t h e  phvs i ca l  s t resses 
present  i n  t h e  system o f  i n t e r e s t .  The i n c i d e n t  
beam angle, window thickness, and t h e  r e f r a c t i v e  
index chanqe across t h e  i n t e r f a c e  w i l l  determine 
t h e  r e f r a c t e d  beam d i r e c t i o n  i n  accordance w i t h  
Sne1l:s law. T h i n  windows a re  t h e  most des i rab le ,  
i.e., these in t roduce  t h e  sma l les t  amount o f  aber- 
r a t i o n s .  
dows a t  normal incidence, t h e  aber ra t i ons  are 
n e g l i g i b l e .  
as t i gmat i c  abe r ra t i ons  caused by  t h e  window a re  no 
l onger  n e g l i g i b l e .  
cerned w i t h  o b t a i n i n g  i n t r a b l a d e  passage two- 
dimensional v e l o c i t y  surveys i n  a warm t u r b i n e  r i g  
f o r  v a l i d a t i o n  of new computational f l u i d  dynamics 
code. A p o r t i o n  o f  t h e  t u r b i n e  r i g  cas ing has 
been c u t  away and rep laced w i t h  a curved window. 
The i n n e r  r a d i u s  o f  t h e  window i s  matched w i t h  
t h a t  o f  t h e  t u r b i n e  casing. 
used t o  minimize t h e  d i s tu rbance  t o  t h e  f low.  
a l t e r n a t i v e  approach i s  t o  use p lana r  windows. 
T h i s  minimizes t h e  as t i gmat i c  aberrat ions,  b u t  
does n o t  i n s u r e  p r e s e r v a t i o n  o f  t h e  f l o w  f i e l d . 8  
The t u r b i n e  r i g  has a b lade t i p  r a d i u s  o f  
254 mn. 
9.525 mm t h i c k  fused quar tz .  The two windows are 
used t o  o b t a i n  o p t i c a l  access t o  t h e  r o t o r  and 
s t a t o r  stages respec t i ve l y .  The l a s e r  anemometer 
i s  mounted on a 3-axis computer c o n t r o l l e d  pos i -  
t i o n i n g  tab le .  
t i o n  o f  t h e  l a s e r  anemometer probe volume. 
3-axis t a b l e  a l lows t h e  l a s e r  anemometer probe 
volume t o  be scanned i n s i d e  t h e  t u r b i n e  r i g .  
scanning range i s  f rom t h e  i n s i d e  sur face o f  t h e  
windoh t o  t h e  t u r b i n e  hub, a range of 38.1 mm. 
The s i n g l e  component l a s e r  anemometer probe volume 
must be r o t a t e d  and scanned over t h e  s p e c i f i e d  
range t o  o b t a i n  t h e  d e s i r e d  two-dimensional v e l -  
o c i t y  survey. 
anemometer system and t u r b i n e  r i g  assembly i s  
shown i n  F ig .  11. 
as t igmat i c  op t i c .  
curved window would produce a focus s h i f t  of a 
l a s e r  anemometer probe volume as t h e  beams were 
r o t a t e d  through a range o f  angles. 
uncross ing would a l s o  occur f o r  beam o r i e n t a t i o n s  
between t h e  v e r t i c a l  and h o r i z o n t a l  axes of t h e  
window. 
f r i n g e  spacing f o r  a LFA, o r  a spot  spacinq v a r i -  
a t i o n  i n  a TOFA. The beam uncross ing e r r o r  would 
p reven t  t h e  beams f rom ove r lapp inq  i n  t h e  LFA, o r  
a l t e r  t h e  angular o r i e n t a t i o n  o f  a TOFA. 
e r r o r s  cou ld  p a r t i a l l y  be accounted f o r  i n  t h e  
da ta  a n a l y s i s  procedure, b u t  qross phys i ca l  chanses 
i n  t h e  Drobe volume s i z e  would a f f e c t  t h e  samplinq 
s t a t i s t i c s .  
t h a t  throuqh t h e  use o f  a s inq le ,  zoominq correc-  
t i o n  o p t i c ,  t h e  aber ra t i ons  induced by t h e  t u r b i n e  
cas ing  window can be minimized, even as the  system 
scans through t h e  b lade passage. 
o p t i c s  e s s e n t i a l l y  determine t h e  system perform- 
ance. The t r a n s m i t t e d  beams i n  t h e  l a s e r  
For  t h e  s imple case o f  t h i n  p lana r  win- 
For  t h e  case of curved windows, t h e  
I n  ou r  p a r t i c u l a r  app l i ca t i on ,  we are con- 
A curved window i s  
An 
There a re  two cas inq  windows, 6.35 and 
An imaqe r o t a t o r  enables t h e  r o t a -  
The 
The 
A schematic diagram of t h e  l a s e r  
The curved t u r b i n e  cas inq window ac ts  as an 
The aber ra t i ons  caused by t h i s  
Some beam 
The focus s h i f t  would cause a change i n  
These 
I n  t h e  f o l l o w i n g  ana lys i s ,  we show 
I n  a l a s e r  anemometer system, t h e  c o l l e c t i o n  
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anemometer system are usually very near the opti- 
cal axis. 
optics in the transmitter. A laser anemometer 
probe volume is usually on the order of 100 um in 
diameter. 
depends on the specific application. 
volume characteristics require high quality opti- 
cal components for near diffraction limited 
performance. 
over the full aperture of the collection optics. 
The use of low flnumber optics in the receiver 
increases the light gathering power of the system. 
The laser anemometer system under study employs an 
Argon ion laser operating at 514.5 nm. A pair of 
lenses is common to both the transmitter and 
receiver. These optics, consisting of an f/5 and 
f/2.5, 100 mn diameter lens pair, were custom 
designed for diffraction limited performance at 
the 514.5 nm wavelenqth. Both lenses are three 
element air spaced, single glass types, BK7 and 
SSKl respectively. 
yield an effective magnification'of one half, with 
the f/2.5 lens facing the probe volume. 
The correction optic was designed using a 
commercial lens design (CLD) package on an IBM PC 
AT.9 The CLD allows the user to specify an opti- 
cal system and select the variables to be used in 
the optimization. The optimization process 
requires that the user define a merit function for 
targeting the expected aberrations in the system. 
A preknowledge of these aberrations and their 
tolerable magnitudes was required for properly 
designing the merit function. The object and 
image scales used in the merit function were 
chosen to correspond to the actual dimensions in 
the l.2ser anemometer system. For t .his particular 
case, merit function targets were "sed t o  minimi:e 
the astigmatism, maintain constant image magnifi- 
cation as the input object rotates through a cir- 
cle, and to minimize the zonal spherical 
aberrations. 
This allows the use of large f/number 
The number of fringes and their spacing 
The sample 
The laser anemometer receiver collects light 
The lenses are configured to 
The merit function targeted these quantities 
at four positions of the laser anemometer probe 
volume inside the turbine rig. This zooming fea- 
ture allowed the optimization of the corrector 
element over the full scanning range of the laser 
anemometer system. Targets were also used to 
restrict the traversing range of the correction 
optic (less than 60 mm due to space limitations), 
and to maintain a constant system flnumber through- 
out the scanning range; all satisfied at full aper- 
ture of the collection optics. 
element cylindrical correction optic, for use with 
the 9.525 mm window. 
compensator was designed for use with the 6.35 mm 
casing window. The optimized position of the cor- 
rection optic was behind t h e  500 mm focal length 
f/5 lens. Ideally, the correction optic would be 
placed far from the object plane to avoid addi- 
tional aberrations introduced by glass imperfec- 
tions. The CLD optimization procedure placed the 
correction optic in a range of 114 to 170 mm from 
The optimization procedure yielded a single 
A similar, weaker optical 
the f/5 lens. This is sufficiently'far from the 
object plane, and also satisfied the traversing 
range constraints imposed by the turbine rig 
assembly. 
As the laser anemometer probe volume is 
mechanically scanned by the 3-axis positioning 
table through the blade passage, the correction 
optic will be translated by its own actuator'. The 
correction optic position depends on the probe 
volume imnersion depth through the casing window 
(Figs. 11 and 12). Note the difference in the 
relative position of the probe volume and the cor- 
rection optic for these two figures. As the probe 
volume imnersion is increased, the actuator inde- 
pendently adjusts the corrector position. The 
zoom optimization features of the CLD package per- 
mitted this active compensation scheme. 
tism and zonal spherical aberration in the system. 
Of the four zoom positions, the worst aberrations 
were observed in the deepest scan position, near 
the rotor hub. At this position, the collected 
cone of light rays encompasses the largest area of 
the turbine window. 
the sagittal and tangential planes becomes the 
most pronounced in this configuration. The opti- 
mal compensation is achieved by traversing the 
correction optic in a similar manner, so that when 
the largest aperture of the turbine window is 
being used, the correction optic is closest to the 
f/5 lens. The correction optic clear aperture in 
this configuration is 70 mn. This provides a 
stronqer correction capability as the aberrations 
increase due to the use of a larger area of the 
turbine window. 
The correction optic minimized the astigma- 
The power variation between 
-. ine i a r q e b t  e i i o r ~  iii t h e  cimpen;;ted o p t i -  
c?! S y S t e m  w e  ;1 variation in crossing anqle of 
3 percent from the sagittal to the tangential 
planes. This variation in angle can be compen- 
sated for in the data analysis procedures. The 
maximum focus shift is approximately 20 um. 
errors are tolerable, where before the system 
would not be considered feasible for obtaining 
measurements through the curved turbine window. 
These 
Conc 1 usi on 
The Four Spot TOFA has been shown to perform 
as predicted. The system's hiqh spatial selectiv- 
ity and large acceptance angle will enable meas- 
urements in the hostile warm turbine environment. 
The Four Spot TOFA is capable of detecting parti- 
cles down to 0.5 um in diameter, using elliptical 
spots. It should be noted that in low turbulence 
flows, the cylindrical lens in the Four Spot trans- 
mitter could be removed, which would produce four 
circular spots in the measurement region. 
of four circular spots would increase the liqht 
flux throtrgb t h e  illuminated area by an order o f  
magnitude. The increased light flux would make 
the Four Spot systrm more sensitive to smaller 
particles. Again, this modification would only be 
performed in a low turbulence flow, where the 
expected flow angle variation was less than the 
acceptance angle of the anemometer. 
The use 
5 
6 
The optical compensation scheme presented 
reduces the aberr.ations induced by the curved tur- 
bine casing window to an acceptable level. 
out the compensation the laser anemometer system 
could not obtain the desired two-dimensional 
intrablade survey. This compensation technique 
will be instrumented on the warm turbine facility 
at NASA Lewis Research Center. 
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Table I 
Seed p a r t i c l e  
'mean diameter, 
um 
Measured p a r t i c l e  Standard 
mean diameter, deviation of 
um mean diameter , 
um 
0.50 
.80 
7 
0.54 0.20 
.82 .14 
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FIGURE 1 .  - FOUR SPOT TOFA MEASUREMENT 
VOLUME GEOMETRY. THE ORTHOGONALLY 
POLARIZED SPOTS OVERLAP BY 20. 
SPOT PAIRS ARE SEPARATED BY XO. 
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FIGURE 2 .  - SCHEMATIC VIEW OF THE TRANSMITTING AND RECEIVING OPTICS. 
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FIGURE 3. - FOUR SPOT ANEMOMETER SYSTEM CONSTRUCTED FROM OPTICAL ERECTOR COMPONENTS. 
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FIGURE 4. - SCHENATIC DIAGRAM OF THE FOUR SPOT SIGNAL PROCESSING ELECTRONICS. THE FOUR INPUTS FROM THE PHOTOMULTIPLIER TUBES 
ARE USED TO GENERATE THE S I X  INPUTS TO THE ZERO CROSSING DETECTION CIRCUIT. THE TIME ANALYZER GENERATES A VOLTAGE PULSE 
THESE PULSES CAN BE DIGITIZED BY THE ADC AND SENT TO THE SYSTEM COMPUTER FOR PROPORTIONAL TO THE PARTICLES TIME-OF-FLIGHT. 
STORAGE, OR SENT TO A PULSE HEIGHT ANALYZER FOR ON-LINE HISTOGRAM DISPLAY. 
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FIGURE 5. - PARTICLE LAG 
VELOCITY HISTOGRAM FOR 
0.5 V M  SEED PARTICLES. 
THE MEASUREMENT PLANE 
IS 200 pfi FROM THE 
NOZZLE E X I T .  THE VEL- 
OCITIES HAVE BEEN NOR- 
MALIZED BY THE CRITICAL 
VELOCITY, WHICH IS i .15 
M/SEC. 
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FIGURE 6 .  - PARTICLE LAG VELOCITY 
HISTOGRAM FOR 0.8 pM SEED PARTICLES. 
THE MEASUREMENT PLANE IS 200 pM 
FROM THE NOZZLE E X I T .  
HAVE BEEN NORMALIZED BY THE CRITICAL 
VELOCITY. WHICH 1s 315 M/SEC. 
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FIGURE 7. - WINDOWED NOZZLE BOUNDARY LAYER FLOW 
PROFILE. THE VELOCITIES ARE NORMALIZED BY THE 
FREE STREAM VELOCITY, WHICH IS 16.9 WSEC. THE 
DISTANCE FROPl THE SURFACE IS NORMALIZED BY THE 
ESTIMATED BOUNDARY LAYER THICKNESS. 6 t x ) .  THE 
MINIMUM APPROACH DISTANCE TO THE SURFACE IS 
100 DM. 
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FIGURE 8. - VELOCITY VARIANCE FOR THE WINDOMD 
NOZZLE BOUNDARY LAYER FLOW. THE VARIANCE IS 
NORMALllED BY THE FREE STREAM VELOCITY. THE 
DISTANCF FROn THE SURFACE IS NORMALIZED BY THE 
I S I  I M A I l  I) IIOUNDARY LAYER THICKNESS. 
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FIGURE 9. - FLAT PLATE BOUNDARY LAYER FLOW PRO- 
F I L E .  THE VELOCITIES ARE NORMAIIZED BY THE 
FREE-STREAM VELOCITY, WHICH IS 12.4 M/SEC. 
THE DISTANCE FROM THE SURFACE IS NORMALIZED 
BY THE ESTIMATED BOUNDARY LAYER THICKNESS. 
btx) .  THE MINIMUM APPROACH DISTAkCt TO THE 
SURFACE IS 75 pM. 
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FIGURE 10. - VELOCITY VARIANCE FOR THE FLAT PLATE 
BOUNDARY LAYER FLOW. THE VARIANCE IS NORMALIZED 
THE SURFACE IS NORMALIZED BY THE ESTIMATED 
BOUNDARY LAYER THICKNESS. 
BY THE FREE-STREAM VELOCITY. THE DISTANCE F R M  
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FIGURE 11. - SCHEHATIC VIEW OF A LASER ANEMOPlETER SYSTEM APPLIED TO A TURBINE RIG INCORPORATING A CURVE CASING WINDOW. THE ABERRATIONS 
INDUCED BY THE TURBINE WINDOW ARE COMPENSATED FOR BY THE CORREClION OPTIC. 
PASSAGE, THE CORRECTION OPTIC POSITION IS ADJUSTED BY ANOTHER ACTUATOR. I N  THIS POSITION, THE PROBE VOLUME IS JUST INSIDE THE TURBINE 
WINDOW, AND THE ACTUATOR IS AT I T S  FURTHEST POSITION FROM THE F/5 LENS. 
AS THE 3-AXIS TABLE SCANS THE PROBE VOLUME THROUGH THE BLADE 
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FIGURE 12. - SCHEMTIC OF THE CORRECTED OPTICAL SYSTEM SHOWING A NEW ZOOM POSITION. I N  THIS CONFIGURATION, THE PROBE VOLUME I S  AT THE 
ROTOR HUB, AND THE ACTUATOR I S  AT I T S  CLOSEST POSITION TO THE F/S LENS. 
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